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Abstract
In cut-to-length mechanized forest harvest operations, trees are cut, delimbed, and bucked to 
standard lengths directly in the harvest block. This in-stand processing, generates harvesting 
residue composed of tree limbs, tops, and foliage, which is frequently placed on machine oper-
ating trails to prolong trail trafficability and protect forest soils against heavy loadings. These 
so-called brush mats vary both in quantity and quality based on harvested wood and stand 
characteristics. The objectives of this study were to determine, quantify, and compare the load 
distributing capabilities of hardwood and softwood brush mats of different amounts (10, 20, 
30, and 40 kg m-2) compared to no brush (0 kg m-2). This was done by laboratory tests analyz-
ing the difference in strain recorded below brush mats at small scale when exposed to single 
and repetitive loadings. Brush mats (approx. 37 cm x 37 cm in area) were placed inside a test 
structure including a top open box with the bottom filled with a 15 cm thick layer of sand, 
below which strain gauges were installed. The entire test structure was positioned on a load 
frame programmed to lower a loading disk directly over the brush mat, thereby applying in-
creasing loads up to 10 kN on the mat. Results suggest that for specific brush amounts and 
loadings, softwood brush showed a slightly better capacity to laterally distribute exerted loads 
than hardwood brush, especially at brush amounts of 10 and 20 kg m-2. At higher brush 
amounts, the differences of recorded loadings (strains) between the tested softwood and hard-
wood brush were reduced and at 40 kg m-2 hardwood brush contributed to a lower response of 
the strain gauges than softwood brush when subjected to 5 and 10 kN loadings.
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2.2 General description of test scenarios
Hardwood	and	softwood	brush	mats	of	varying	
quantities	(10,	20,	30,	and	40	kg	m-2)	were	each	repli-
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Fig. 1 A) Load frame with custom built load test structure, B) Three strain gauges installed below steel channels (channels were turned 
upside down to show strain gauges), C) Horizontal crosshead of load frame with load cell and steel circular loading disk resting on a softwood 
brush mat
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surement	sensitivity	compared	to	a	 two	wire	con-
figuration	 (Micro	Measurements	 2011).	 To	 assure	
unbiased	measurements,	all	three	strain	gauges	were	
independently	subjected	to	an	identical	vertical	load	
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Table 1 Brush water content by composition and amount for each 




Brush water content, % green mass
Test series 1 Test series 2
Hardwood 10 52.4 54.4
Hardwood 20 51.2 52.6
Hardwood 30 55.0 52.2
Hardwood 40 55.2 51.1
Softwood 10 49.1 47.4
Softwood 20 50.3 48.3
Softwood 30 50.1 47.8
Softwood 40 50.6 52.2
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Fig. 3 General testing sequence (example of 10 kg m-2 brush mat) performed at the load test structure. The steps listed were also performed 
for 20, 30, and 40 kg m-2 brush amounts for hardwood and softwood brush mats. In addition, 20 kg m-2 brush mats were subjected to a third, 
fourth and fifth loading each consisting of the same applied loads as described above
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2.5 Data analysis
To	compare	the	relative	competence	of	hardwood	


































wise	 comparisons.	 Response	 variables	 used	 were	
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traffic	of	 forest	machinery	 constitutes	more	 than	a	
Fig. 4 Hardwood and softwood brush mat thickness of different brush amounts (10, 20, 30, and 40 kg m-2) for test series 1 and 2 at different 
loading stages (no-load, pre-load, and full-load) for A) consolidation loading events and B) main-test loading events
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Fig. 5 Response of middle strain gauge to consolidation loading and main-test loading for A) 10 kg m-2, B) 20 kg m-2, C) 30 kg m-2, and 
D) 40 kg m-2 brush amounts for hardwood and softwood mats obtained from test series 2
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difference	 (p=0.009)	 between	 strain	 recorded	 by	
the	 middle	 gauge	 and	 softwood	 brush	 amount.	
Amongst	tested	brush	amounts,	means	of	strain	on	

















Table 2 Mean response of middle strain gauge of both test series (N=2) in micro strains (me) and in percent reduction compared to the 
response of middle gauge under bare sand to three loads (1, 5, and 10 kN) when applying no brush (0 kg m-2) or four brush quantities of 
hardwood or softwood after one preliminary 10 kN consolidation loading. Different lower case letters indicate a statistical difference at alpha 
0.05 for a specific loading based on Tukey pairwise comparisons
Loading, kN
Sand Hardwood
0 kg m-2 10 kg m-2 20 kg m-2 30 kg m-2 40 kg m-2
1
me 337.0 155.6 a 123.0 ab 80.5 bc 61.9 c
% 100.0 53.8 63.5 76.1 81.6
5
me 864.1 385.0 a 296.0 ab 224.9 b 177.0 b
% 100.0 55.4 65.7 74.0 79.5
10
me 1310.0 465.5 a 362.0 ab 276.0 bc 222.0 c
% 100.0 64.5 72.4 78.8 83.1
Sand Softwood
0 kg m-2 10 kg m-2 20 kg m-2 30 kg m-2 40 kg m-2
1
me 337.0 125.8 a 112.7 ab 75.1 bc 60.1 c
% 100.0 62.7 66.6 77.7 82.2
5
me 864.1 292.8 a 261.8 ab 214.5 bc 186.4 c
% 100.0 66.1 69.7 75.2 78.4
10
me 1310.0 369.5 a 320.5 ab 266.0 bc 233.0 c
% 100.0 71.8 75.5 79.7 82.2
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Table 3 Mean response of side gauges of both test series (N=4) to received loadings in micro strains (me) and in percent of the loading of 
the corresponding middle strain gauge for the different test scenarios of hardwood or softwood mats and bare sand after one preliminary 10 




0 kg m-2 10 kg m-2 20 kg m-2 30 kg m-2 40 kg m-2
1
me 17.2 28.0 a 25.5 a 19.9 ab 13.9 b
% 5.1 18.0 20.7 24.7 22.4
5
me 53.9 83.5 a 79.5 a 70.3 ab 59.5 b
% 6.2 21.7 26.8 31.3 33.6
10
me 51.8 109.5 a 103.3 ab 87.5 ab 78.3 b
% 4.0 23.5 28.5 31.7 35.2
Sand Softwood
0 kg m-2 10 kg m-2 20 kg m-2 30 kg m-2 40 kg m-2
1
me 17.2 39.3 a 34.4 ab 24.2 bc 16.9 c
% 5.1 31.2 30.6 32.2 28.2
5
me 53.9 109.8 a 100.2 a 85.2 a 75.5 a
% 6.2 37.5 38.3 39.7 40.5
10
me 51.8 147.0 a 130.0 a 109.5 a 100.5 a
% 4.0 39.8 40.6 41.2 43.1
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3.5 Effect of repetitive loadings on strain
Finally,	 we	 exposed	 hardwood	 and	 softwood	 





Fig. 6 Relationship between strain response of middle gauge, load, and brush compressibility recorded during main-test loadings of test 
series 2 on different brush amounts of hardwood (A, C, E, and G) and softwood (B, D, F, and H) composition along with a hypothetical brush 
mat (I) showing ideal performance with respect to brush compressibility and vertically transferred loads
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ties	as	 reported	by	Labelle	and	 Jaeger	 (2012).	The	















our	 tested	 brush	mats	were	 composed	 of	 smaller	
branches	than	full	scale	mats,	the	test	results	may	be	
influenced	by	the	higher	number	of	branch	intersec-
tions	causing	 increased	 internal	 friction	adding	to	
lateral	load	transfer.	On	the	other	hand,	the	thicker	
and	longer	branches	used	in	the	full	scale	mats	may	











load	 distributing	 capabilities	 compared	 to	 stiffer	
Table 4 Response of middle gauge (in micro strains; me and percent change (+/-) compared to previous loading event) to repetitive loadings 
(one to five loadings) of 20 kg m-2 hardwood and softwood brush mats. The repetitive loadings were not replicated
Loading kN
Hardwood Softwood
Repetitive loadings Repetitive loadings
1 2 3 4 5 1 2 3 4 5
  1
me 146.0 123.1 126.1 123.9 127.8 147.7 122.5 127.0 127.2 126.3
% 0.0 –15.7 +2.4 –1.7 +3.2 0.0 –17.1 +3.7 +0.2 –0.7
  5
me 330.2 297.8 298.8 296.6 299.6 329.4 280.7 281.8 277.8 275.8
% 0.0 –9.8 +0.3 –0.7 +1.0 0.0 –14.8 +0.4 –1.4 –5.2
10
me 410.0 363.0 359.0 357.0 352.0 392.0 343.0 337.0 332.0 328.0
% 0.0 –11.5 –1.1 –0.6 –1.4 0.0 –12.5 –1.7 –1.5 –1.2
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tors,	 the	pressures	applied	 to	 the	 smallscale	brush	
mats	during	this	study	are	within	a	realistic	range.
4.3 Effect of brush mat amount and composition 
on strain
















over	a	 layer	of	sand,	 it	 is	possible	that	with	higher	
brush	amounts,	more	stress	was	distributed	to	the	side	
walls	of	the	test	structure,	therefore	reducing	total	ver-










compared	 to	 hardwood	mats,	which	 increases	 the	
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